In large extra dimensional Kaluza-Klein (KK) scenario, where the usual Standard Model (SM) matter is confined to a 3+1-dimensional hypersurface called the 3-brane and gravity can propagate to the bulk (D = 4 + d, d being the number of extra spatial dimensions), the light graviton KK modes can be produced inside the supernova core due to the usual nucleon-nucleon bremstrahlung, electron-positron and photon-photon annihilations. This photon inside the supernova becomes plasmon due to the plasma effect. In this paper, we study the energy-loss rate of SN 1987A due to the KK gravitons produced from the plasmon-plasmon annihilation. We find that the SN 1987A cooling rate leads to the conservative bound M D > 22.9 TeV and 1.38 TeV for the case of two and three space-like extra dimensions. * pdas@bits-goa.ac.in †
I. INTRODUCTION
Recently it has been noted that the scale of quantum gravity, the four dimensional Planck scale M P l (∼ 10
16 TeV), is just a conjecture without much experimental support and the only experimentally verified scale of gauge interactions in four dimensions lies within the TeV scale. Therefore, the assumptions that gravitation becomes strong at the TeV scale, while the standard gauge interactions remain confined to the four dimensional spacetime, does not conflict with the today's experimental data These ideas solve the hierarchy problem without relying on supersymmetry or technicolour and the observed weakness of gravity at long distances is due to the presence of d new spatial dimensions large compared to the electroweak scale. This can be inferred from the relation between the Planck scales of the D = 4 + d dimensional theory M D and the four dimensional theory M P l , which, for the toroidal compactification, is given by
where R is the size of the extra dimensions. Putting M D ∼ 1 TeV then yields
For d = 1, R ∼ 10 13 cm, this case is obviously excluded since it would modify Newtonian gravitation at solar-system distances. For d = 2, we get R ∼ 1 mm, which is precisely the distance where our present experimental measurement of gravitational strength stops.
Clearly, while the gravitational force has not been directly measured beneath a millimeter, the success of the SM up to ∼ 100 GeV implies that the SM fields can not feel these extra large dimensions, that is they are confined to only "3-brane", in the higher dimensional spacetime called "bulk". Summarizing, in this framework the universe is D = 4 + d dimensional with Planck scale near the weak scale, with d ≥ 2 new sub-millimeter sized dimensions where gravity and perhaps other fields can freely propagate, whereas the SM particles are localised on a 3-brane in this higher-dimensional spacetime.
This theory predicts a variety of novel signals which can be tested using Recently Das [9] and others (see [9] for other works) have explored the unparticle physics as a possible cooling mechanism of the supernovae SN 1987A, in which an unparticle stuff can be produced in the nucleon-nucleon bremstrahlung, electron-positron and photon-photon annihilations and thus cools down the temparature of SN 1987A. On the other hand, the data imply Eν e = 7.5 MeV at Kamiokande and 11.1 MeV at IMB [14] . Even the 95% confidence range for Kamiokande implies Eν e < 12 MeV. Flavor oscillations would increase the expected energies and thus enhance the discrepancy [14] . It has remained unclear if these and other anomalies of the SN 1987A neutrino signal should be blamed on small-number statistics, or point to a serious problem with the SN models or the detectors, or is there a new physics happening in supernovae?
Since we have these measurements already at our disposal, now if we propose some novel channel through which the core of the supernova can lose energy, the luminosity in this channel should be low enough to preserve the agreement of neutrino observations with theory. That is, L new channel ≤ 10 53 ergs s −1 . This idea was earlier used to put the strongest experimental upper bounds on the axion mass [15] . Here, we will consider the gravitons which can carry the energy from the core of the supernovae and escape into the bulk of the larger dimensional space. The constraint on luminosity of this process can be converted into a bound on the 4+d dimensional Planck scale M D . Any mechanism which leads to significant energy-loss from the supernovae core immediately after bounce will produce a very different neutrino-pulse shape, and so will destroy this agreement, which in the case of axion is explicitly shown by Burrows's et al. [18] . Raffelt has proposed a simple analytic criterion based on detailed supernova simulations [19] : if any energy-loss mechanism has an emissivity greater than 10 19 ergs g −1 s −1 then it will remove sufficient energy from the explosion to invalidate the current understanding of Type-II supernovae's neutrino signal.
Similar arguments can be applied to other particles. The hypothetical majorons are one case in point [20] .
III. CONSTRAINTS ON EXTRA DIMENSIONS
The • Graviton production in photon fusion: γ + γ → G
• Graviton production in electron-positron annihilation process: e − e + → G
In the supernovae, nucleon and photon abundances are comparable (actually nucleons are somewhat more abundant). In the following we present the bounds derived by various authors using nucleon-nucleon bremhmstrahlung and in the next section we give detailed calculation for photon-photon annihilation (including the plasma effect inside supernovae)
to KK graviton process. We believe that although the dominant contribution will still follow from nucleon-nucleon bremsstrahlung, however, because of the large uncertainties involved in such a process calculation inside the hot plasma, the reliable bound will follow from plasmon + plasmon → KK graviton process. It is worthwhile to mention here that in this work we have not considered the effect of plasmon width in the final continuum KK state production, which we believe if be taken into account will not substantiably change our bound on M D . We will not discuss the electron-positron annihilation to KK graviton as it does not give any significant bounds.
A. Nucleon-Nucleon Brehmstrahlung
This is the dominant process relevant for the SN 1987A where the temperature is comparable to m π and so the strong interaction between N's is unsuppressed. This process can be represented as
where N can be a neutron or a proton and G is a higher-dimensional graviton.
The main uncertainty comes from the lack of precise knowledge of temperatures in the 
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IV. METHODOLOGY OF CALCULATION
Each KK graviton state couples to the SM field with the 4-dimensional gravitational strength according to [21] 
where the summation is over all KK states labeled by the level n. Here κ = √ 16πG N and
T µν is the energy-momentum tensor of the SM and h µν, n the KK state.
Since for large R the KK gravitons are very light (because m n ∼ 1/R), they may be copiously produced in high energy processes. For real emission of the KK gravitons from the collision of SM fields, the total cross-section can be written as
where the dependence on the gravitational coupling is factored out. Because the mass separation of adjacent KK states, O(1/R), is usually much smaller than typical energies in a physical process, we can approximate the summation by an integration according to
where the density of KK states ρ(m
Here we have used the
Now for a generic 2 → N body scattering, the scattering cross section is given by
where F lux = 4E 1 E 2 υ rel . Here E 1 , E 2 are the energies of the initial particles 1 and 2 whose masses are m 1 and m 2 , respectively and υ rel is the relative velocity between them.
For a general reaction of the kind a + b → c, the above expression takes the form
In the center-of-mass frame, we use the notation √ S for the total initial energy,
where
and E 1 and E 2 are the energies of the particles a and b. The function λ(x, y, z)(= x 2 + y 2 + z 2 − 2xy − 2yz − 2zx), is the standard Källen function.
Since we are concerned with the energy loss to gravitons escaping into the extra dimensions, it is convenient and standard [19, 22] to define the quantitiesǫ a+b→c which are the rate at which energy is lost to gravitons via the process a + b → c where c has a decay width, per unit time per unit mass of the stellar object. In terms of the cross-section σ a+b→c the number densities n a,b for a,b and the mass density ρ,ǫ is given bẏ
where the brackets indicate thermal averaging and E cm (= E a + E b ) is the center-ofmass(c.o.m) energy of the two colliding particles a and b. Note that in the present case the final state KK graviton, although has smaller decay width but is stable over the size of the neutron star because of it's large life time ∼ 10 9 (100 MeV /m) 3 yr (See [21] ) and thus it can escape the supernovae while allowing it to cool.
V. GRAVITON PRODUCTION IN PLASMON FUSION
Photons are quite abundant in supernovae. Due to plasma effect inside the supernovae, photons becomes effectively massive. These massive photons(of mass m A ,say) are known as plasmons. Our interest is in the plasmon-plasmon annihilation to KK graviton i.e.
The plasmon-plasmon-graviton (G [21] is given by
where the symbols C µν,ρσ , D µν,ρσ (k 1 , k 2 ) , E µν,ρσ (k 1 , k 2 ) are defined as
Here we work in the unitary gauge(ξ → ∞). In the c.o.m frame, the momentum vectors for this reactions are
It often turns out to be more convenient to keep the polarizations explicitly. The polarization vectors [21] of a massive graviton are
Here ǫ ± µ and ǫ 0 µ are the transverse and longitudinal polarization vectors of a massive gauge boson. For a massive vector boson(e.g. plasmon) with momentum k µ = (E, 0, 0, k) and mass
The plasmon and graviton polarization vectors satisfy the following normalization and polarization sum conditions
where B µν ρσ (p) is given by
The total squared amplitude, averaged over the initial three polarizations(since massive plasmons have three state of polarizations) and summed over final states for the process
where T 2 i (i = 1, ..5) are given in appendix A. Substituting this in (15) and using (16) and (17), the total cross-section σ T for this process is obtained as
where z = −1 + . While deriving
Eq. 31, we have used ρ(m n ) =
and the Planck scale relation Eq. 1.
The volume emissivity of a supernova with a temperature T through this process is obtained by thermal-averaging over the Bose-Einstein distribution. Hence, the energy loss rate (ǫ γ P = 1 ρ SNQ γ P ) due to plasmon plasmon annihilation is given by (similar to that of the energy loss rate via γγ → νν [24] )
where σ T is given in Eq. 31. Note that
is the number density of thermal photons, or rather of transverse plasmons. In the present case, we treat the plasmon to be transverse(with the dispersion relation given by ω 2 = ω 2 0 + |k| 2 ), since the contribution coming from the longitudinal plasmon is typically smaller [23, 25] . Also in above, ω 0 corresponds to plasma frequency in the supernovae core.
Finally introducing the dimensionless variables x i = ω i /T (i = 0, 1, 2) and taking m A (the transverse plasmon mass) to be equal to ω 0 , we rewrite the above Equation aṡ
VI. NUMERICAL ANALYSIS
The SN 1987A energy loss due to KK graviton emission produced in massless photonphoton annihilation already put some bound on the effective scale of gravity M D for d = 2 and 3 (see [4] ). Here we study the modification of the above bound in a scenario where the plasma effect on photon is taken into account. In our analysis, the key working formula is the Eq. 33 which describes the supernovae energy loss rate due to plasmon(γ P ) + plasmon(γ P )
→ KK graviton(G KK ). Now for any kind of cooling mechanism which corresponds to an emissitivity > 10 19 erg g VIII. ACKNOWLEDGEMENT
